1996), the traditional divisions grew at a rate of 40% The FASTA package of sequence comparison pro-per year, from 163 million to 317 million bases, but the grams has been expanded to include FASTX and entire GenBank grew from 173 million to 463 million FASTY, which compare a DNA sequence to a protein bases, because of the growth of the EST database. At sequence database, translating the DNA sequence in the end of 1996, about 40% of the bases in GenBank three frames and aligning the translated DNA se-were determined by high-throughput EST or genomic quence to each sequence in the protein database, sequencing.
INTRODUCTION
quence errors. We also examine the accuracy of statistical estimates produced for translated-DNA-protein seAdvances in automated sequencing technologies quence alignment. The estimates can be quite accurate, have dramatically increased the rate of DNA sequence but sometimes high scores are produced between unreproduction and inclusion in the GenBank and EMBL lated sequences because of simple-sequence, low-com-DNA sequence databases. Indeed, although the tradi-plexity regions that are produced by translating the tional GenBank divisions have been growing at a rela-incorrect reading frames. This problem can be avoided tively constant exponential rate, there have been dra-by searching databases from which simple-sequence rematic increases in the amount of expressed sequence gions have been removed with seg (Wootton, 1994) . tag (EST) data over the past 2 years. For example, between Releases 81 (February 1994) and 99 (February
MATERIALS AND METHODS
1 To whom correspondence should be addressed at the Department of Biochemistry, Jordan Hall Box 440, University of Virginia, CharSequence databases. Sequence similarity searches were performed using a slightly modified version (PIR39b) of the annotated PIR39 lottesville, VA 22908. Telephone: (804) 924-2818. Fax: (804) . E-mail: wrp@virginia.EDU. database described earlier (Pearson, 1995 to join some clearly related superfamilies (W.R.P, manuscript in preparation; the PIR39b database is available for downloading from ftp. virginia.edu:/pub/fasta). Two sequences from each of 46 families of proteins were used for these tests. The cDNA sequences, and their corresponding open reading frames, encoding these 92 sequences were identified in GenBank and used to evaluate DNA-protein sequence comparison with FASTX and FASTY. The annotations in the PIR39b database allow us to identify all of the sequences in the database that are related to members of the 46 query sequence families and, conversely, to identify the highest scoring unrelated sequences. The cDNA sequences that encode the 92 query protein sequences, and their corresponding open reading frames (ORFs), were mutated to simulate the errors encountered in high-throughput EST sequenc-FIG. 1. FASTX and FASTY alignments. An asterisk indicates a ing. Based on the past experience of the Washington University St. frameshift. Louis EST sequencing project (Hillier et al., 1996) , the frequency of errors (substitutions, insertions, and deletions) in high-throughput EST sequencing ranges from about 2.5 to 7.5%. Mutations were creof ext called exg, which takes genome positions from command-line ated at random locations at approximately 1, 2, 5, or 10% of the input. The FASTX search results were screened for matches that positions, with the total number of mutations distributed among scored an expectation value of 0.01 or lower. Those matches were deletions, insertions, and substitutions according to the ratio further screened individually both to omit low-complexity matches 1:1.54:1.86. This ratio is derived from observed discrepancies beand to distinguish between previously unidentified ORFs and extentween 5 ESTs and mRNA sequences ( Fig. 3 and Table 6 in Hillier sions of known ORFs. et al., 1996;  Table 6 has the labels for insertions and deletions reversed, L. Hillier, pers. comm.) . Once these percentages are calcu-
RESULTS
lated, a normally distributed random number with mean and variance equal to the number of each type of change is drawn, and that number of substitutions, insertions, and deletions are introduced at Two Notions of a DNA-Protein Alignment random positions.
We call the DNA sequence given as input the deterComparison of search performance. Scoring parameters and comparison algorithms (FASTX, FASTY) were compared using methods mined DNA sequence, to emphasize that it is deterdescribed earlier (Pearson, 1995) . Briefly, an ''equivalence number'' mined by some experimental procedure and is subject (the number of related sequences missed at a similarity score that to uncertainty. Both of our approaches to DNA-protein balances the number of related sequences at or below the score with alignment determine, at least implicitly, a hypothethe number of unrelated sequences above) is calculated for searches sized coding region, or HCR, and align the conceptual with each of the 92 query sequences for each combination of gap penalties and frameshift penalties or for each algorithm. The perfortranslation of the HCR and the given amino acid semance of one search condition is compared to that of another by quence. The differences between the two approaches comparing the equivalence numbers for the 92 searches and reare confined to their methods of constructing an HCR. cording a / or 0 depending on which search condition performed
The approach taken by FASTX can be described as better (ties are ignored). The sign test is then used to determine if follows. A quasicodon of the determined DNA sequence the distribution of /'s and 0's is significantly different from the null hypothesis that differences in performance are the result of random is any three consecutive nucleotides; quasicodons are variation. Differences in performance are summarized by a ''z value''; numbered 2, 3, . . ., N 01 according to their middle comparisons with z values ú2 are statistically significant at the 0.05 nucleotide, where N is the length of the determined level.
sequence. An allowable list of quasicodons is any list residues when compared to homologues detected by a FASTA search A FASTX alignment consists of an allowable list of quaof the translated ORFs (provided by The Institute for Genome Research; TIGR). ORFs and their flanking sequences were extracted sicodons plus a protein alignment of the translated from the complete M. jannaschii genome using the program ext. As HCR and the given amino acid sequence.
input, ext requires a file containing a list of ORF names and posiLess formally, a FASTX alignment can be depicted tions. ext produces files containing original ORFs as well as files as follows. Translate the determined DNA sequence in containing the ORFs with 250, 500, and 1000 flanking nucleotides each of the three reading frames and place each amino at both 5 and 3 ends (for a total of 500, 1000, and 2000 additional nucleotides). These sequences were searched against Swiss-Prot usacid below the central nucleotide of its quasicodon, as ing FASTX, and the results were examined for a combination of pictured in Fig. 1A . In essence, a FASTX alignment increase in alignment length with a decrease in expectation value positions the entries of the original amino acid sewhen flanking nucleotides were included. Sequences that met these quence underneath these translations, separating each criteria were individually examined for the presence of low-complexentry by between one and three blanks, with the possiity matches.
A second method of detecting incorrect ORF boundary assignments ble introduction of gaps. There are a variety of ways in which one might define for its HCR. FASTY is able to pick the true codon.
an alignment of a DNA sequence and an amino acid sequence, some of which have been explored previously with 2°Éc k É°4 or a single dash character (Éc k É (Gish and States, 1993; Hein, 1994; Hein and Stov- denotes the length of c k ) and (ii) concatenating all the baek, 1994; Knecht, 1995; Guan and Uberbacher, 1996 ; non-dash c k sequences, in that order, gives B. A FASTY Huang and Zhang, 1996; Peltola et al., 1986) . In genalignment between a determined DNA sequence B and eral, there is a tradeoff between (1) the completeness an amino acid sequence A consists of a codonification, of the set of sequencing errors that are directly modc 1 c 2 . . . c L , of B with each c k placed above an amino eled by the underlying set of alignments and (2) the acid or a dash character, and where (1) if c k appears execution time required to compute an optimal alignover a dash, then Éc k É Å 3 and (2) removing all dashes ment. The FASTX approach, which models only from the second row gives A. Figure 1B depicts a frameshift errors at codon boundaries, is similar to FASTY alignment.
techniques developed by Guan and Uberbacher (1996) , In a FASTY alignment, each non-dash c k corresponds although judging by their published description, our to a codon of the HCR according to the following rules. algorithm (Zhang et al., 1997 ) is more efficient than If c k is deleted (i.e., appears over a dash), then the codon theirs. The basic idea behind FASTY was described by is just c k . Otherwise, letting a denote the amino acid Peltola et al. (1986) , though we have added a number aligned to c k , the codon c is chosen to maximize the of improvements, including use of modern protein-BLOSUM50 score of (the conceptual translation of) c alignment scores, modeling of base miscalls, and imand a minus the penalty for converting c k to c. This plementation techniques (Zhang et al., 1997) needed conversion penalty deducts a fixed frameshift penalty to make it competitive in execution time with FASTX. for every nucleotide inserted or deleted and a fixed mis-It is even possible to develop a rigorous alignment algocall penalty for every nucleotide substitution. In partic-rithm that, in some precise sense, models all possible ular, a frameshift penalty is assessed whenever Éc k É sequencing errors (Zhang et al., 1997) , but its execution equals either 2 or 4.
time is prohibitive. In addition to directly capturing base miscalls (i.e., sequencing errors that cause an incorrect base to be Searching with FASTX reported), FASTY can correctly determine a wide range of frameshift errors caused by the sequencing process.
Programs for comparing translated DNA sequences In contrast, FASTX can determine only a more limited to protein sequences, allowing frameshifts, have been class of frameshift errors. With FASTX, insertion of an added to the FASTA package . FASTX erroneous nucleotide must occur between two codons, and FASTY compare a DNA sequence to a protein seand a nucleotide can be skipped (deleted) only if it oc-quence database, translating the DNA sequence in eicurs at both the last position of a codon and the first ther the three forward or the three reverse frames. position of the subsequent codon. For instance, when FASTX allows for frameshifts between codons, while a sequencing error inserts a nucleotide into a codon, FASTY allows for frameshifts within codons as well. FASTX is forced to pick one of the two codons obtained The TFASTX and TFASTY programs compare a proby dropping a base from one end or the other of the four-tein sequence to a DNA sequence database, translating nucleotide sequence (assuming that FASTX correctly each sequence in the database in three forward and analyzes the codons on either side). See Fig. 2 . three reverse frames. Computation of an optimal alignment of course pre-FASTX, FASTY, TFASTX, and TFASTY use the supposes that a score is assigned to every possible same four steps that FASTA uses for calculating a simialignment. The score of a FASTX or FASTY alignment larity score: (1) using a lookup table to rapidly find is defined as the score of the alignment between the regions with shared identical pairs of residues (ktup Å translated HCR and the given amino acid sequence 2) or single shared identities (ktup Å 1), (2) rescanning (assessed using BLOSUM-matrix substitution scores, the regions using a BLOSUM50 scoring matrix, (3) plus gap-open and gap-extension penalties) minus pen-joining high-scoring regions that do not overlap, and alties for the difference between the determined DNA (4) calculating an optimal Smith-Waterman score in sequence and the HCR. (Only frameshift penalties are a 16 (ktup Å 2)-or 32 (ktup Å 1)-residue-wide band assessed for FASTX.) FASTX and FASTY are guaran- (Chao et al., 1992) centered around the best initial reteed to compute an alignment that is optimal among all gion. FASTX and FASTY differ from FASTA by using alignments of their respective types. Thus, the FASTY three protein sequences, from each of the three frames, for the initial lookup process (step 1).
Step 3 is modified alignment will always score at least as high as the (a) to cause high-scoring regions in adjacent reading must have diverged more than 2 Byr ago. In contrast, DNA sequence searches with the housefly glutathione frames to appear to be adjacent in the sequence, so they can be more easily joined, and (b) to allow small transferase cDNA against the appropriate GenBank divisions (primate/rodent, plant, or bacterial) do not find any overlaps (10 residues) between joined regions.
Step 4 is changed to produce a band-limited DNA-protein local of the mammalian, yeast, or bacterial homologues (E() ú 10). Thus, FASTX/Y searches are only about two-fold less alignment score (Zhang et al., 1997) as outlined above. FASTX and FASTY use a full Smith-Waterman local sensitive than FASTA searches with the encoded protein sequence, but dramatically more sensitive than the corre-DNA-protein alignment in linear space for the final alignment and alignment score (Zhang et al., 1997) .
sponding DNA sequence similarity search. Figure 5 shows alignments between a mouse class-mu TFASTX/Y use a similar strategy, but instead of augmenting the query-sequence lookup table, the library glutathione transferase, to which bases were added and deleted, and the correct GTM1_MOUSE protein sequence sequence is encoded as two separate three-frame translations, one forward and one reverse. Again, steps 3 using FASTX (Fig. 5A) or FASTY (Fig. 5B) . Both algorithms produce alignments that extend from the beginand 4 are modified for DNA-protein comparison and TFASTX/Y provide a full Smith-Waterman alignment, ning of the protein sequence to the end, but the FASTY alignment does a better job of maximizing the number without limits on gap size, for the final display.
Figures 3-5 show the output produced by a typical of identities (91.7% identity for FASTY, 59.6% for FASTX, but note that the z score, which indicates statisti-FASTX search. As with other programs in the FASTA package, the distribution of observed and expected sim-cal significance, is slightly lower for the FASTY alignment). ilarity scores (Fig. 3) open, gap-extension, and frameshift penalties in the quence, there is excellent agreement between the numbers of observed and expected similarity scores (Fig. presence of sequence errors. Open reading frames from 92 query sequences from 46 protein families used in 3), particularly for scores from 80 to 120 (all the scores ú120 come from glutathione transferase sequences). previous studies (Pearson, 1995) were ''mutated'' and used to evaluate search performance with different gap Likewise, the expectation value for the highest scoring unrelated sequence should be Ç1; in this example the and frameshift penalties (Fig. 6) . In general, high frameshift penalties are most effective when the error highest scoring unrelated sequence has an E() of 1.6. Figure 4 also shows the expectation values for a rate is 0, as expected, since no frameshifts should occur. However, even with modest amounts of errors (substi-FASTA search of the same SwissProt database using the protein sequence as the query. In general, the related-tutions, insertions, and deletions) (1 and 2%), searches with frameshift penalties of 015 are significantly more sequence expectation values for the protein-protein comparison are about one-half the values calculated from effective than searches with higher penalties. Very similar results are seen when the entire cDNA sethe translated DNA-protein sequence comparison. The reduced statistical significance results from the increased quence is used (data not shown). The error rates encountered in high-quality EST sequences are about probability of producing a high score from an unrelated sequence when three longer protein sequences (three 1.4% substitutions, 1.1% insertions, and 0.7% deletions (Hillier et al., 1996, Table 6 , corrected), so the 2-5% translation frames that include a 3 untranslated region) are compared. FASTX and FASTY compare either the error rates shown in Figs. 6 and 7 are the most realistic.
FASTX and FASTY perform very similarly when the forward or the reverse three-frame translation to the protein database; if both forward and reverse frames were best scoring parameters are used (Fig. 7A) . However, in general one will not know the error rate in advance compared, the statistical significance would be decreased another twofold because of the effectively larger number and would prefer to use gap and frameshift penalties that perform well overall, for example, 015/02/020 for of comparisons performed.
cDNA to protein sequence comparison can be surpris-FASTX and 015/02/025/030 for FASTY. With these penalties, FASTX performs a bit better on ORF seingly sensitive. The translated housefly glutathione transferase cDNA sequence shares statistically signifi-quences (Fig. 7A) , otherwise the two programs perform about the same. Although some of the differences in cant similarity with human and rodent class-theta enzymes (GTT1_HUMAN, GTT1_RAT), which must have performance are statistically significant, they are not very dramatic. Figure 7B reports the total number of diverged from a common ancestor more than 500 Myr ago, and with yeast URE2_YEAST glutamine repressor related sequences ''missed'' in all 92 searches as a function of error rate. From this perspective, differences in protein and various plant glutathione transferases (GTH3_ARATH, GTH3_MAIZE), which diverged more performance between FASTX and FASTY, or even ORFs and cDNA sequences, are far less significant than 1 Byr ago, as well as several bacterial homologs (DCMA_METS1, DCMA_METSP, SSPA_HAEIN), which than changes in the error rate.
FIG. 3.
Distribution of FASTX similarity scores. A housefly glutathione transferase cDNA sequence (GenBank Accession No. X73574) was used to search the SwissProt protein database (Release 34) using the FASTX program. The BLOSUM50 matrix (Henikoff and Henikoff, 1992) was used with a penalty of 015 for the first residue in a gap, 03 for each additional residue, and 030 for a frameshift. ''Å Å Å'' denotes the number of sequences in the database obtaining the similarity score shown; ''*'' indicates the number of sequences expected to obtain a similarity score. with probabilities°0.5, and so on. Statistical estimates random query sequences found a highest scoring alignment with expectation values from õ10 08 to 0.0005. for FASTX searches are sometimes less accurate, because out-of-frame translations can sometimes have These values are much lower than expected by chance, and six more had E() õ 0.05. Likewise, when unshuflow-complexity amino acid sequence runs that produce statistically significant similarity scores with similar fled ORF sequences were used, 6 queries had highest scoring unrelated sequences with E() õ 10 020 , and 20 regions in the protein database. Thus, when 90 ORF sequences were shuffled to produce random sequences, of 90 sequences had E() õ 0.05 for the highest scoring unrelated sequence. However, about half of the query and these sequences were used to search PIR39b, 6 FIG. 5. Translated DNA-protein alignments-FASTX and FASTY. Alignments between mGSTM1.e05, a modified copy of the GTM1_MOUSE cDNA sequence with Ç5% mutations (mGSTM1.e05 is 94.2% identical to the correct cDNA), and its encoded protein sequence, using FASTX and FASTY. The BLOSUM50 matrix was used with a penalty of 015 for the first residue in a gap, 02 for each additional residue, 015 for a frameshift, and 015 for a nucleotide substitution (FASTY only).
Statistical Estimates from DNA-Protein Comparisons
sequences had E() ú 0.5 for the highest scoring unre-the points will fall on a diagonal line with a slope of 1.
If many of the points fall above the diagonal, then there lated sequences, suggesting that for many of these sequences, the statistical estimates were accurate. The are fewer sequences with low probabilities than expected and thus the estimates are conservative. If accuracy of the statistical estimates can be judged by a quantile-quantile plot (Fig. 8) . The expectation value many points fall below the diagonal, as occurs in Fig.  8A , then low probabilities have been assigned too freof the highest unrelated sequence score from each of 90 ORF query sequences (or 90 random sequences derived quently, and a calculated ''probability'' of 0.001 (or even lower) happens far more often than the expected 0.1% from the 90 ORF sequences) was sorted from lowest value to highest, converted to a Poisson probability of the time. Thus, a very low expectation value is not necessarily statistically significant. value using the equation P(E) Å 1 0 e 0E , and plotted against the cumulative fraction of sequences examined.
Examination of the high-scoring, statistically significant FASTX alignments showed that in every case, If there is perfect agreement between the probability of a high score and the number of times it occurs, then FASTX had produced an out-of-frame translation that yielded a protein ''domain'' with a repetitive, low-com-protein sequence database. However, when one scans an unmodified database, scores that appear significant plexity sequence. To evaluate the statistical estimates in the absence of these low-complexity matches, the seg should be examined carefully for alignment of low-complexity regions. program (Wootton, 1994) was used to strip the PIR39b database of these regions (they were replaced by ''x's''). When low-complexity regions are removed from the TFASTX/Y, an Alternative to TFASTA protein database, the statistical estimates calculated both for random sequences and for the highest scoring
The original FASTA package (Pearson and Lipman, 1988) provided TFASTA, a program to compare a prounrelated sequence are reliable and somewhat conservative (Fig. 8B) . Thus, FASTX can calculate accurate tein sequence to a DNA sequence library, calculating six scores, one for each of the three forward and the statistical significance estimates for the local similarity scores if low-complexity regions are removed from the three reverse reading frames. TFASTX and TFASTY somal protein L13, E() õ 0.0012; GMGLYO glyoxylase, E() õ 0.0051; SMAPHOAA alkaline phosphatase, E() õ 0.03). However, additional searches with these DNA sequences using FASTX revealed that they share strongly significant similarity with many members of the glutathione transferase family, and thus are likely to be homologous to the housefly query sequence. (SMAPHOAA clearly encodes an alkaline phosphatase starting at nucleotide 667, but also encodes a glutathione transferase family member from residue 2 to 511.) The highest scoring sequences in the GenBank divisions used for this example that are clearly unrelated to GTT2_MUSDO are PSEPUOH109 [E() õ 0.39], which encodes a haloacetate dehalogenase, and BMOEF1BP [E() õ 0.57], which encodes a EF1b elongation factor that does not appear to be related to the EF1g elongation factors that are homologous to glutathione transferases (Koonin et al., 1994) . Thus, for this query sequence, which does not contain low-complexity regions, the statistical estimates appear quite accurate. A comprehensive evaluation of the statistics of comparisons to DNA databases will require a carefully annotated DNA sequence database. use the same DNA-protein alignment algorithms as FASTX and FASTY to provide two alignment scores for each DNA sequence; one from the forward and one from the reverse-complement sequence. TFASTA statistics are based on the best of the six scores produced from each library sequence; TFASTX statistics are based on the best of the forward and reverse similarity scores. In the example shown in Fig. 9 , TFASTX does genitalium (Fraser et al., 1995) . The sequences were this preliminary study strictly because of the similarity of their on-line documentation. downloaded via ftp from TIGR's World Wide Web site (http://www.tigr.org/). These genomes were chosen for Identification of protein-coding regions of genomic 
Identification of Genes in Bacterial Genome

